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Role of the medullary perfusion defect in the pathogenesis of ischemic
renal failure. Experiments were performed on rats to investigate the
significance of the medullary hyperemia known to follow renal ische-
mia. To this end, its frequency was determined, its severity was quan-
tified, and its relation to renal function was examined early (1 to 3 hr)
and later (18 hr) after 45 mm of warm ischemia. All kidneys were found
to have a hyperemic outer medulla early after ischemia, which was
shown to develop during the period of ischemia itself, but which was
found to be highly variable in its severity. The degree of hyperemia was
assessed both subjectively by grading and by histometric determina-
tions of inner stripe capillary volume. One to three hours after ische-
mia, the severity of medullary hyperemia was reflected in all indices
of renal function, the least congested kidneys showing the best func-
tion. Eighteen hours after ischemia, the degree of medullary hyper-
emia was reflected in all indices of renal function, except urine flow
rate; the non-congested kidneys showed functional recovery and the
still-congested kidneys showed worsening function. Glomerular blood
flow, known to be preferentially reduced in deep nephrons 1 to 3 hr
after ischemia, had normalized 18 hr after ischemia in the non-con-
gested kidneys but was still severely and unevenly depressed in the
congested kidneys. It is concluded that congestion of the outer me-
dulla is a key event in ischemic renal failure, its occurrence is co-
incidental with the reduction in deep nephron perfusion and urinary
concentrating power in the early and maintenance phase and its dis-
appearance heralds the restoration of deep nephron perfusion and uri-
nary concentrating ability in the recovery phase.
Role du défaut de perfusion médullaire dans Ia pathogenie de
l'insuffisance rénale ischemique. Des experiences ont été effectuées
chez le rat pour étudier Ia signification de l'hyperémie médullaire con-
nue pour faire suite a l'ischémie rénale. Dans ce but, sa frequence a
eté déterminée, sa sévérité quantifiée et sa relation avec Ia fonction
rénale examinée précocément (1 a 3 hr) et plus tardivement (18 hr)
aprés une ischCmie chaude de 45 mm. Tous les reins se sont avérés
avoir une hyperemie de Ia médullaire externe précocément après
l'ischémie, qui se développait pendant Ia période d'ischémie elle-
méme, mais dont Ia sévCrité était très variable. Le degre d'hyperémie
a etC apprCciC subjectivement par gradation et par des determinations
histometriques du volume capillaire de la couche interne. Une a trois
heures apres ischCmie, Ia sévCritC de l'hyperCmie mCdullaire Ctait
reflCtCe par tous les paramètres de la fonction rCnale, les reins les
moms congestifs ayant la meilleure fonction. Dix-huit heures après
ischémie, Ic degre d'hyperCmie médullaire Ctait reflCté par tous les
paramètres de la fonction rénale, sauf le debit urinaire, les reins non
congestifs prCsentant une rCcupCration fonctionnelle et les reins en-
core congestifs une degradation fonctionnelle. Le debit sanguin
glomCrulaire, connu pour être préférentiellement réduit dans les
nephrons profonds 1 3 hraprCs ischCmie, s'était normalisé 18 hr après
l'ischCmie dans les reins non congestifs mais restait encore sévérement
et irregulierement diminué dans les reins congestifs. On concult que Ia
congestion de Ia médullaire externe constitue un phenomene-cle dans
l'insuffisance rCnale ischCmique, sa survenue coincide avec Ia
reduction de la perfusion des nCphrons profonds et du pouvoir de
concentration des urines a Ia phase de debut et d'entretien, et sa dis-
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parition annonce la restauration de la perfusion des néphrons pro-
fonds et du pouvoir de concentration des urines a Ia phase de
récupCration.
The most widely accepted opinion regarding the pathophysi-
ology of ischemic acute renal failure in humans and experimen-
tal animals favors a severe reduction in blood flow to the renal
cortex but a relatively well preserved perfusion of the renal me-
dulla. The development of this concept can be followed from
the first descriptions of the pathology of the shock kidney, to
the discovery of a perfusion defect that predominates in the
outer cortex and to the assessment of cortical and medullary
blood flow in patients suffering from acute renal failure.
As early as 1850 it was noted that the kidneys of patients dy-
ing of "acute Bright's disease" were large and soft, with a pale
cortex and a hyperemic medulla [1]. This description was con-
firmed for the crush syndrome [2] and traumatic uremia [3] in
World War II and is now considered applicable to the shock
kidney in general. During this period, outer cortical isehemia,
identified as a filling deficit of the cortex, together with a filling
surfeit of the medulla, was ascribed to a shunting of blood from
the cortex to the medulla and was offered as an explanation for
the characteristic appearance of the shock kidney [4]. Subse-
quently, angiographic studies in patients with acute renal fail-
ure confirmed the existence of a cortical ischemia [5, 6] and the
analysis of xenon wash-out curves indicated that blood flow to
the cortex was more severely reduced than that to the medulla
[5, 7, 8]. Thus, the contemporary view of a preferential outer
cortical ischemia in the shock kidney came into being.
Well-founded and familiar as this concept may seem to be,
several features concerning the pathology of the shock kidney
suggest that it is far from complete. First, tubular necrosis of
the outer cortical tubules, where the greatest perfusion defect
is postulated, is seldom evident upon necropsy and is even less
frequent upon biopsy [9, 10]. Second, the renal vasculature and
glomeruli show none of the lesions usually associated with
poor perfusion, such as sludging of erythrocytes, thrombus for-
mation, fibrin deposits or endothelial damage [9, 10]. Third,
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since the hypothesis of a shunting of blood from the cortex to
the medulla [4] is no longer tenable on anatomical grounds, an
explanation for the medullary hyperemia of the shock kidney
is still lacking. Furthermore, this concept does not fit well with
observations on experimental animals, in which estimates of
blood flow distribution early and some time after renal ische-
mia have shown cortical blood flow to be either normal or only
marginally reduced [11—14].
Recent experiments to investigate the distribution of blood
flow and filtration within different nephrons of the kidney have
shown, in contrast, that early after ischemia it is the super-
ficial glomeruli of the outer cortex that have the highest blood
flow and filtration rate and the juxtamedullary glomeruli of the
inner cortex that have the lowest [151. As it is the juxtamed-
ullary glomeruli that supply the renal medulla with blood, this
entails that it is medullary, rather than cortical perfusion,
which is most restricted after ischemia. Medullary hyperemia,
which is also apparent in the experimentally damaged kidney
[16—20], could supply the morphological substrate for such a
perfusion defect. Since there is no information available with
which to define the nature or assess the significance of the med-
ullary hyperemia in the pathogenesis of ischemic renal failure,
the present experiments were performed to characterize this
phenomenon morphologically and determine its relation to re-
nal function in the early, maintenance, and recovery phases af-
ter renal ischemia.
Methods
Surgical preparation for clearance and morphological studies
The experiments were performed on male, Sprague-Dawley
rats (Mus, Biberach, Federal Republic of Germany), weighing
170 to 275 g, which had been given free access to a standard
pellet diet (1324, Altromin, Lage, Federal Republic of Ger-
many) and tap water. The animals were anesthetized with 100
to 120 mg of mactin per kilogram of body wt (Byk, Gulden,
Constance, Federal Republic of Germany) and placed on a
heated operating table adjusted to maintain rectal temperature
at 37 to 38°C. The trachea was cannulated and a catheter was
placed in the right jugular vein for the infusion of 0.25 to 0.4
ml/hr per 100 g of body wt of isotonic saline, containing 1 to 2
1sCi/ml of 3H-methoxy-inulin (New England Nuclear, Drei-
eich, Federal Republic of Germany) in the clearance experi-
ments. A catheter was also placed in the right femoral artery
for measuring blood pressure (BP) and collecting blood sam-
ples. The left kidney was exposed through a flank incision, was
dissected free of perirenal fat and, in those kidneys to be made
ischemic, a portion of the renal artery was dissected free from
the renal vein. The renal artery was completely occluded with
a non-traumatic clip for 45 mm and the covered kidney was
kept warm either with a lamp or by dropping warmed mineral
oil on it. Following ischemia, the kidney was immobilized in a
cup (Lucite®) and bathed with mineral oil heated to 38°C; the
ureter was cannulated close to the renal pelvis to allow collec-
tion of timed urine samples.
Renal function was measured in control kidneys and 1, 3,
and 18 hr after reintroducing blood flow to the ischemic kid-
ney. The weight of the drained right and left kidney of each ani-
mal was determined in a control group and in another group 3
hr after ischemia of the left kidney. Morphological studies were
undertaken in control and ischemic kidneys, before and 5 mm
after restoring blood flow and 1, 3, and 18 hr after re-establish-
ing renal perfusion. Both the ischemic and the untouched, right
kidney were removed at the same time and bisected longitu-
dinally. The cut surface of the fresh tissue was examined care-
fully and its appearance was documented. One half of each kid-
ney was immersion-fixed immediately upon removal from the
still-living animal for histological investigation.
Clearance investigations
The kidney filtration rate was determined as the clearance of
3H-methoxy-inulin by measuring the rate of urine flow and mul-
tiplying by the urine to plasma concentration ratio for inulin at
the mid-point of the urine collection period. Filtration rate was
determined in untreated animals and 1, 3, or 18 hr following
ischemia. Tubular reabsorption was calculated as kidney fil-
tration rate minus urine flow rate. Urine osmolarity was deter-
mined cryoscopically (Vogel, Giessen, Federal Republic of
Germany) or by vapor pressure depression (Wescor, Logan,
Utah).
Vascular filling
The renal vascular bed was examined in the right, un-
touched and the left, ischemic kidney of the same animal, 1 to
2 hr following ischemia. A 5 to 8 ml bolus of microfil (Canton,
Boulder, Colorado) was injected manually under high pressure
into a wide catheter in the right carotid artery to fill the arte-
rial tree of the whole animal. Both kidneys were thus filled syn-
chronously and therefore subjected to the same filling condi-
tions. The kidneys were removed after tying the renal artery
and vein and stored in 70% alcohol until the microfil had hard-
ened. The right, control kidney of each pair was then bisected
longitudinally and inspected to confirm that it had been com-
pletely and evenly filled. Only then was the left, ischemic kid-
ney examined and compared to it. If the control kidney was in-
completely or patchily filled, both kidneys were discarded. For
microscopic assessment of vascular filling, sections were cut
from each kidney pair, were dehydrated in alcohol, cleared in
methyl salicylate, and examined at a low power under the
microscope.
Histological studies
The freshly removed kidneys were bisected and one half of
each was immersion-fixed in 3 ml/dl of buffered formalin within
60 sec of removal. The tissue was embedded in paraplast; 4-
pm thick sections were cut and stained with hemotoxylin and
eosin or chromotrope aniline blue. All regions of the kidney
were examined. Histometric analysis of the capillary area in
the inner stripe of the outer medulla was performed by point
counting at x 400 magnification, using a 42-point grid (Weibel)
with a field area of 0.055 mm2. The relative area occupied by
capillaries in the inner stripe, equivalent to their relative vol-
ume in the tissue, was determined in 60 fields per kidney. The
absolute capillary area per 100 tubules was calculated from the
relative area, after measuring the number of Henle's loops in
20 fields per kidney, in which they were cut in cross section.
A qualitative assessment of the relative volume occupied by
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the erythrocyte-filled vessels in the vascular bundles of the
inner stripe was made using a scoring technique.
Microsphere determination of glomerular
and renal blood flow
Glomerular blood flow in the different nephron populations
and whole kidney blood flow were determined in control kid-
neys and 1 or 18 hr following renal ischemia, as described in
detail previously [15]. En brief, approximately 106 unlabelled,
carbon microspheres with a mean diameter of 8.6 0.7 m
(3M Deutschland, Neuss, Federal Republic of Germany), were
injected over a 20-sec period in 100 l of isotonic saline into a
catheter advanced from the right carotid artery into the aorta.
A blood sample was collected from a catheter in the right fern-
oral artery, starting with the microsphere injection and lasting
for 45 to 60 sec. The number of spheres in the collected blood
was determined microscopically, by counting them in aliquots
of the washed erythrocyte residue. Blood flow in the femoral
artery was calculated from the volume and the sampling time.
The average number of microspheres trapped in each nephron
population was derived by dehydrating the kidney in alcohol,
cutting coronal sections through the cortex, clearing in methyl
salicylate, and counting the spheres in all the glomeruli pres-
ent. Glomeruli were denoted as belonging to surface, super-
ficial middle, or deep nephrons according to their position in
the cortex. The number of spheres in the whole kidney was cal-
culated by multiplying the average number of spheres in each
nephron population by its fractional occurrence in the kidney
— 13% in surface, 37% in other superficial, 30% in middle, and
20% for deep nephrons — and by the nephron number of
30,000 for the rat. Glomerular or whole kidney blood flow was
then estimated as the number of microspheres per glomerulus
or kidney, multiplied by the blood flow per microsphere in the
femoral blood sample.
This procedure differed from that reported previously [151
only in that the spheres were injected into the ascending aorta
instead of the left ventricle and in that the glomeruli were not
stained by infusing Alcian green at the end of the experiment,
for this was found to prevent macroscopic assessment of the
morphological changes following ischemia. In the present
study a total of 350 to 450 glomeruli per kidney, taken from 6
to 12 sections of different regions of the cortex were used to
estimate glomerular and whole kidney blood flow 18 hr after
ischemia. The corresponding values in normal kidney and 1 hr
after ischemia were taken from an earlier study [15].
Direct observations of the papilla
The renal papilla was exposed through the renal pelvis in five
young rats, weighing 75 to 90 g. Vasa recta blood flow was ob-
served in each animal before, during, and after renal ischemia
and was assessed subjectively until 1 hr after reflow.
Statistical analysis of the data
The measured values of each variable in each experimental
group were pooled and given as mean 5EM throughout. Dif-
ferences between the groups were tested either with the
Student's t test for unpaired samples or with the Wilcoxon test
for unrelated samples. The results of the scoring test were an-
alyzed using the Wilcoxon test for unrelated samples. Differ-
ences between the groups were considered to be statistically
significant when the two-tailed probability of the null-hypoth-
esis was 0.05 or less.
Results
Gross morphology and kidney weight I to 3 hr after ischemia
The macroscopic appearance of the freshly cut renal surface
was assessed in 37 kidney pairs and was photographed in color
in 17 of them within 10 mm of removal. Compared to the un-
touched, control kidney, the appearance of the ischemic kid-
ney showed no alteration in the renal cortex and no consistent
difference in the papilla but most pronounced changes in the
outer medulla. The inner stripe region of the outer medulla was
hyperemic through engorgernent with blood and ranged from
pale bluish-red to almost black in color. Based on the extent
of hyperemia and the color of the inner stripe region, it was
possible to subdivide the kidneys into one of three groups:
Lightly affected kidneys were defined as those showing almost
no change in medullary appearance or displaying only a small
zone of modest hyperemia. Moderately affected kidneys were
considered to be those showing a moderate degree of hyper-
ernia extending across the inner stripe region and into the outer
stripe. Severely affected kidneys were those with a severe or
very severe hyperemia of the inner stripe region and some-
times outer stripe, accompanied often by an involvement of the
base of the papilla. The relative frequency with which each cat-
egory arose was approximately equal, with 12 each in the
lightly and severely affected groups and 13 in the moderately
affected group. Examples of these three degrees of medullary
involvement, as observed in the fresh, unfixed tissue, are given
in Figure 1.
The difference in kidney weight between the left, ischemic
and the right, untouched kidney was determined in nine con-
trol animals and in 19 animals subjected to ischernia and 3 hr
reflow. In control animals the left kidney was marginally but
significantly lighter than the right one. Following ischemia, the
left kidney was always significantly heavier than the right one,
and the weight differences became progressively greater as the
degree of hyperemia increased, as indicated in Table 1. Rela-
tive to the average weight of the untouched, left kidney, which
was 971 2 mg, these increases represented gains of 11, 15,
and 25% in the lightly, moderately, and severely affected kid-
neys, respectively.
Histological findings 1 to 3 hr after ischemia
A summary of the changes to the tubular epithelium ob-
served at this time after ischemia is given in Table 2. The struc-
tures of the renal cortex were well-preserved following ische-
mia, in accord with the unaltered macroscopic appearance.
There were occasional, isolated necrobiotic changes, evident
as a detachment of tubular cells from the basement membrane
and a pycnosis of the nuclei, there was a flattening of the proxi-
mal tubular epithelium, due to the loss of some of the apical
cytoplasm, and there were a few blebs of this material present
in the proximal tubules. The glomeruli and peritubular capil-
laries were quite normal in appearance. The histology of the
outer medulla was unremarkable with regard to the changes to
the tubular epithelium, the proximal straight tubule showing
the same alterations as the proximal convoluted tubule of the
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gree of hyperemia, as listed in Table 3. That the assessment of
relative capillary volume was not falsified by the swelling of the
tissue could be confirmed by referral to the absolute area per
100 tubules, also listed in Table 3.
Vascular filling I to 3 hr after ischemia
The patency of the renal vessels after ischemia was assessed
by comparing the vascular filling of the ischemically damaged
left kidney with that of the contralateral kidney of the same ani-
mal. Since both kidneys were exposed to one and the same fill-
ing pressure, differences in the vascular filling can only be ex-
plained by the effects of ischemia. Sections from each kidney
pair obtained from six animals 1 hr after ischemia of the left
kidney are illustrated in Figure 2. In all of the control kidneys,
the cortical and inner stripe vasculature were well-filled and
therefore very prominent, because of the high density of cap-
illaries there, whereas the filling of the outer stripe and papilla,
which are less vascular, was less evident. In each ischemic kid-
ney, the cortical capillaries were filled to a similar extent as in
the contralateral control kidney, but, in contrast, there was al-
most no filling of the capillary plexus of the inner stripe, al-
though the descending vasa recta here and in the papilla could
be filled to some extent. Thus, it appears that there is a defi-
nite impediment to blood flow in the medullary inner stripe cap-
illaries, which was not evident in the vasa recta and which was
absent in the cortex.
Renal function I to 3 hr after ischemia
Fig. 1. Three degrees of medullary hyperemia distinguished within 3 hr
of ischemia. Each ischemic, left kidney, is shown beside the contra-
lateral, right kidney of the same animal. The ischemic kidney at the
bottom right is one from the mildly affected group. The middle right
ischemic kidney is typical for the moderately affected group. The top
right ischemic kidney is one from the severely affected group.
cortex, but there were dramatic changes in the vasculature.
The capillary plexus of the inner stripe was massively con-
gested with large numbers of densely packed erythrocytes and
the vascular bundles in this region were also modestly ex-
tended. The capillaries of the outer stripe were mildly dilated
and engorged with blood also in some of the moderately and
severely affected kidneys. No aggregation of platelets or net-
works of fibrin could be found to account for this congestion
and no hemorrhage of blood into the surrounding interstitium
could be observed. The histology of the papilla was quite un-
dramatic by comparison. There were many blebs and some
hyaline casts present in the thin loops of Henle, and the cap-
illaries were either normal or modestly extended with packed
erythrocytes.
Histometric analysis of the capillary volume within the outer
medullary inner stripe confirmed the macroscopic and micro-
scopic impressions. Measurements of the relative area occu-
pied by the capillaries in the inner stripe showed this to be
higher than normal, and to increase progressively with the de-
Each of the indices of renal function measured is listed for
each category of medullary involvement in Table 1 and some
are illustrated in Figure 3. Each of the indices of renal func-
tion examined was found to decrease with an increasing de-
gree of medullary hyperemia, indicating that residual renal
function after ischemia is related to the degree of medullary in-
volvement.
Gross morphology and histology before
and 5 mm after reflow
To determine whether the medullary hyperemia occurred be-
fore or after reperfusion, the macroscopic appearance of the
freshly cut renal surface was assessed in 11 and 8 kidney pairs
before and 5 mm after reflow and was photographed in color
in six of each. The appearance of these kidneys did not differ
from those examined 1 to 3 hr after ischemia, the cortex and
papilla seemed unchanged, and the medullary inner stripe was
hyperemic and engorged with blood. The kidneys were again
subdivided into lightly, moderately or severely affected, ac-
cording to the same criteria as before. The frequency with
which each group arose was not the same as before; the lightly
and moderately affected kidneys arose with almost equal fre-
quencies of 5 and 4, whereas the severely affected kidneys pre-
dominated with a frequency of 10.
The histological appearance of the kidneys did not differ
greatly from those examined 1 to 3 hr after ischemia. The
changes to the tubules (Table 2) differed only in the large num-
bers of blebs found in the first part of the proximal straight
tubule. The glomeruli appeared normal, but there was some
capillary congestion in the cortex, outer stripe, and papilla be-
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Fig. 2. The degree to which the renal vasculature can be filled with silicone rubber in the ischemic kidney above and in the contralateral control
kidney from the same animal immediately below. The cortical vasculature is equally well-filled in each kidney pair, but in the ischemic kidney,
there is no filling of the inner stripe vessels, except for the descending vasa recta, and the capillary plexus cannot be demonstrated.
fore reflow, that was not evident 5 mm after reflow. The cap-
illary plexus of the inner stripe was massively congested with
blood and the vascular bundles were considerably extended
even before reflow and remained so after 5 mm of reperfusion.
Histometric analysis of the relative area occupied by the cap-
illaries in the inner stripe showed this to be higher than in con-
trol kidneys and to increase with the degree of hyperemia (Ta-
ble 3). The values obtained for relative capillary area were not
significantly different from those measured in the correspond-
ing groups at 1 to 3 hr after ischemia, except for the severe
group, and reflect well the changes in absolute capillary area
per 100 tubules.
Assessment of vasa recta congestion before and up to 3 hr
after reflow
The blood flow in the papillary vasa recta was brisk preced-
ing ischemia. After occluding the renal artery, blood flow
slowed considerably and stopped completely 10 to 15 mm later.
After releasing the arterial clamp, the vasa recta remained
unperfused for the first 5 mm but all began to be reperfused
within the next 10 mm. At 30 mm after reflow, no difference in
blood flow compared to the control, pre-ischemic state was vis-
ible, indicating that the vasa recta were not congested.
Histological estimation of the degree of dilation of the yes-
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Table 1. Weight differences between the left, ischemic, and right, control kidney, and the functional characteristics of the ischemic kidneys I to
3 and 18 hr after reflow
Type of kidney
Wt duff
mg
GFR '' Reab
Reab %
.
Osmolarity
mOsm/liter
RBF
ml/min/100 guIImin/1OO g
Normal kidneys —31 8
(9)
420 23
(7)
3.2 1.1
(7)
416.9 22.7
(7)
99.3 0.2
(7)
1205 151
(7)
3.06 0.29
(7)
Ischemic kidneys Light 73 33
(4)
120 17
(7)
10.9 3.1
(7)
113.0 16.2
(7)
92.5 2.4
(7)
423 27
(7)
2.00 0.40
(3)
ito 3 hr Reflow Moderate
Severe
102 23"
(9)
227 32a
(6)
68 13a
(9)
21 4a
(12)
5.6 1.1
(9)
3.9 1.2"
(12)
62.1 12.8a
(9)
16.8 2.8"
(12)
90.1 1.8
(9)
83.2 33b
(12)
348 19a
(9)
308 4"
(12)
1.01 0.03"
(4)
18 hr Reflow Mild
More severe
—
—
177 10"
(3)
9 3(
(4)
0.6 0.1
(5)
0.6 l.9d
(8)
176.3 10.3"
(3)
7.9 2.4(d)
(4)
99.5 1.1"
(3)
87.0 3.8a
(4)
1059 184"
(5)
397 45a
(4)
3.28 0.14"
(4)
1.16 0.25a
(7)
a These values are significantly different from the preceding value in the same column.
"These values are significantly different from the first value in the same group.
These values from the mild group 18 hr after ischemia are statistically different from those of the light group 1 to 3 hr after ischemia.
d These values from the severe group 18 hr after ischemia are statistically different from those of the light group 1 to 3 hr after ischemia.
Table 2. Histological alterations apparent in the various segments of the nephron after ischemia with 0 and 5 mm reflow or
1 and 3 hr of reperfusiona
Before reflow 5 mm after reflow 60 mm after reflow 3 hr after reflow
Proximal convoluted tubule (cortex) Sporadic necrobiosis Sporadic necrobiosis
Proximal stripe tubule (outer stripe)
Flattened epithelium
Many blebs
Sporadic necrobiosis
Flattened epithelium
Few blebs
Sporadic necrobiosis
Thin descending and ascending
Few blebs Many blebs Flattened epithelium
Many blebs
limbs (inner stripe and papilla)
Thick ascending limb (inner and
— — Hyaline cylinders
Many blebs
outer stripe)
Distal convoluted tubule (cortex)
Collecting duct (cortex and
—
—
—
Sporadic necrobiosis
Sporadic necrobiosis
Dilated
medulla) — — Dilated
a Horizontal lines (long) denote changes applicable to both periods of reflow.
sels in the inner stripe vascular bundles showed the dilation to
be substantial before and 5 mm after reflow. It was signifi-
cantly less, but still evident 1 to 3 hr after ischemia, indicating
that some degree of vasa recta congestion persists in this
region.
Gross morphology and histology 18 hr after ischemia
The macroscopic appearance of the freshly cut kidney sur-
face was examined in 12 kidney pairs. Compared to the con-
trol kidney, the ischemic kidney revealed no alteration in the
renal cortex, except in one case, in which it was very pale, no
change in the papilla, and some hyperemia of the medulla. The
inner stripe region of the medulla was still hyperemic in many
kidneys, but less so than previously. Based on the color of the
inner stripe region, the kidneys were subdivided into two
groups. Mildly affected kidneys were defined as those with
little or no hyperemia and more severely affected kidneys were
those with a clearly visible congested area. The frequency with
which each type occurred was 4 for the mildly affected type
and 8 for the more severe ones.
The histological appearance of the kidneys varied enor-
mously between the two groups. A summary of the changes to
the tubular epithelium observed in both groups is given in Ta-
ble 4. In the mildly affected kidneys there was almost never
any necrosis in the proximal convoluted tubule or thick limb
of the loop of Henle, but sporadic necroses in the proximal
straight tubule were evident in two kidneys. The glomeruli and
capillaries of all regions of the kidney were normal in appear-
ance with only a modest degree of dilation in the inner stripe
plexus. In the more severely affected kidneys tubular necrosis
was absent from the subcapsular tubules but was extensive in
the other proximal convoluted tubules, the proximal straight
tubules, and the thick limb of the loop of Henle. The glomeruli
and peritubular capillaries were filled with packed erythro-
cytes, as were the capillaries of the inner stripe and the vasa
recta in the outer medulla and papilla.
Histometric analysis of the capillary volume in the inner
stripe confirmed the macroscopic appearance. In the mildly af-
fected kidneys, the capillary volume was not significantly
raised above control values, whereas in the more severely af-
fected kidneys it was significantly raised (Table 3).
Renal function 18 hr after ischemia
Renal function could only be measured in a few of the kid-
neys 18 hr after ischemia because of the difficulty in obtaining
sufficient urine for analysis. Each of the indices of renal func-
tion measured for both groups of medullary involvement is
listed in Table 1 and some are illustrated in Figure 3. With the
single exception of urine flow rate, which was highly oliguric
in both groups, all indices of renal function correlated with the
degree of medullary hyperemia.
The distribution of glomerular blood flow among the dif-
ferent nephron populations is illustrated in Figure 4. Values
from normal kidneys and kidneys examined 1 hr after ischemia
in a previous study [151 are given for comparison. In mildly af-
fected kidneys glomerular blood flow was 135 9, 102 6,
83 6, and 94 9 nl/min/l00 g of body wt in surface, other
superficial, middle and deep glomeruli, respectively. This rep-
resents 109, 103, 98, and 82%, respectively, of the values found
in normal kidneys. In more severely affected kidneys glomer-
ular blood flow was 87 15, 54 10, 44 8, and 39 6
nl/min/lOO g of body wt in surface, other superficial, middle and
deep glomeruli, respectively. This represents 70, 54, 52, and
34%, respectively, of the values in normal kidneys. None of the
values from the mildly affected kidneys differed significantly
from the corresponding values in normal kidneys and none of
the values in the more severely affected kidneys differed sig-
nificantly from the corresponding values obtained 1 hr after
ischemia.
Discussion
The present experiments confirm previous observations that
following ischemia the kidney displays a hyperemia in the outer
medulla [201 and that this seems to be due to a vascular con-
gestion of the inner stripe capillaries [21]. New information de-
rived from the present study that extends these observations
and points to a causal role for medullary hyperemia in the gen-
esis and maintenance of ischemic renal failure can be summa-
rized as follows: First, that hyperemia is universally present
early after ischemia, is highly variable in severity and that this
severity is directly related to renal function. Second, that the
hyperemia develops during the period of ischemia and that the
vascular congestion it constitutes represents a serious impedi-
ment to blood flow in the outer medulla. Third, that the hyper-
emia disappears later after ischemia in some kidneys but not
in others, and that this reflects the improvement in renal func-
tion and deep glomerular blood flow in kidneys that are re-
covering and the maintenance of poor function in those that are
not.
Kidneys examined within 3 hr of ischemia were placed into
one of three groups describing the extent of medullary involve-
ment. All kidneys gained weight after ischemia, much as re-
ported after 60-mm ischemia in rats [16], but in the present
study this could be related to the severity of the medullary
hyperemia. Similarly, capillary volume in the hyper.emic inner
stripe was raised, as reported previously [21], but in the pres-
ent study it could be related to renal function. Every index of
renal function examined, that is, filtration rate, urine flow rate,
urinary concentrating ability, and renal blood flow, was found
to decrease with increasing capillary congestion. Thus, it was
possible to demonstrate a relationship between renal function
and medullary hyperemia early after ischemia.
The medullary hyperemia seen in this and a previous study
[21] seemed to result from the accumulation of aggregated
erythrocytes in the inner stripe capillaries. The participation of
hemostatic mechanisms, such as fibrin deposition or platelet
aggregation, could not be verified histologically in the present
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Table 3. Values of relative capillary volume, given as a percentage of inner stripe volume, and those of capillary area on the histological
section per 100 tubules in control and ischemic kidneys with different periods of reflow
Ischemic kidneys
Relative capillary
volume %
Capillary area per
100 tubules
m2 1O
Control kidneys
Relative capillary
volume %
Capillary area per
100 tubules
pm2
0 and 5 mm Reflow Light 12.7 4.3 21.0 6.9
(4) (4)
Moderate 19.5 2.8 23.8 3.0
(4) (3)
Severe 32.3 1.9" 539 4.4"
(9) (9)
1 to 3 hr Reflow Light
Moderate
Severe
12.0
(7)
18.3
(4)
21.2
(5)
1.5
34a
2.8"
19.6 3.1
(6)
42.3 9.6a
(3)
44.4 9.6"
(5)
18 hr Reflow Mild
More severe
6.2
(4)
18.4
(8)
0.8
2.la
11.0 1.0
(3)
34.0 33a
(7)
6.0 0.4
(16)
6.3 0.3
(15)
7.8 0.5
(IS)
10.2 0.8
(13)
a These values are significantly different from the preceding value in the same column.
b These values are significantly different from the first value in the same group.
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Fig. 3. The relationship between medullary hyperemia and renal func-
tion for the lightly, moderately, and severely affected kidneys ito 3 hr
after ischemia and for the mildly and more severely affected kidneys
18 hr after ischemia in comparison to that of control kidneys.
study and seems unlikely from other studies, in which prior hep-
arinization did not influence postischemic function [22] and
acetyl salicylate administration neither improved renal func-
tion nor reduced the incidence of medullary hyperemia [23].
The present results show that the hyperemia is present shortly
after and even before reperfusion, indicating that the vascular
congestion occurs during the period of arterial occlusion. Con-
sistent with this view is the observation that after reperfusion,
the blood trapped in the medulla contains little of the radiola-
belled erythrocytes added to the circulation after ischemia [24].
This observation, together with the present finding that the in-
ner stripe capillaries cannot be filled with silicone rubber, dem-
onstrates that the accumulated erythrocytes do indeed consti-
tute a severe impediment to blood flow. Both the vascular fill-
ing studies and the histological findings indicate that the
obstruction to flow in the inner stripe is located mostly in the
inter-bundle capillary plexus, and to a much lesser extent in the
vascular bundles that supply the inner medulla. The preserva-
tion of inner medullary perfusion after ischemia was confirmed
by observing brisk flow in the vasa recta of the exposed papilla.
Kidneys examined 18 hr after ischemia were placed into one
of two groups showing differing degrees of medullary hyper-
emia. Capillary volume in the inner stripe was again reflected
in renal function but was also apparent in the histology of the
tubules. In those kidneys without residual increase in inner
stripe vascular volume, filtration rate and tubular reabsorption
had risen to above that found in the best functioning group I
to 3 hr after ischemia—fractional reabsorption and concentrat-
ing ability had normalized, renal blood flow was fully restored,
and histological lesions were minimal. In contrast, in those kid-
neys with maintained medullary hyperemia, filtration rate and
absolute reabsorption had fallen to below that of the worst
functioning group 1 to 3 hr after ischemia — fractional reab-
sorption and urinary concentrating power had remained un-
altered, renal blood flow was unchanged, and histological le-
sions were severe and extensive.
Regarding the reliability with which renal function can be de-
termined under these conditions, it is often claimed that leak-
age from damaged tubules after ischemia falsifies the measure-
ments of glomerular filtration rate and tubular reabsorption
[25—27]. In the present model, however, inulin loss from the
surface nephrons was minute 1 to 3 hr after ischemia [28].
Measurements of renal blood flow using the extraction of 3H-
methoxy-inulin were identical to those obtained with micro-
spheres 1 hr after ischemia [15], excluding a significant leakage
of inulin even from the deeper nephrons. The situation 18 hr
after ischemia is not clear. The further decrease in filtration
rate and development of oliguria without a further reduction in
blood flow could indeed indicate a loss of filtered inulin from
the tubular system. Furthermore, renal function could only be
measured in those kidneys with the highest rates of urine flow
and cannot, therefore, be representative of the whole group.
Thus, the data are best viewed as supplying an upper estimate
of glomerular and tubular function.
The impression from the clearance studies that 18 hr after
ischemia some of the kidneys were recovering from ischemic
injury while others were deteriorating further was confirmed by
the experiments to determine blood flow distribution to the dif-
ferent nephron types 18 hr after ischemia. In the less affected
group, the distribution of glomerular blood flow was in-
distinguishable from that measured in normal kidneys in an ear-
lier study [15]. In the more affected group, glomerular blood
flow was reduced in all nephron populations but quite un-
evenly, so that perfusion of the surface glomeruli was much
higher than that of the deep glomeruli. This distribution of
glomerular blood flow could not be distinguished from that
measured 1 hr after ischemia in a previous study [15], in which,
regrettably, the differing degrees of medullary hyperemia could
not be differentiated because of the use of Alcian green to stain
the glomeruli. Therefore, it appears that an initial and prefer-
ential loss of deep glomerular perfusion after ischemia is main-
tained after 18 hr only in those kidneys that retain medullary
hyperemia and show poor renal function and is no longer evi-
dent in those kidneys displaying no hyperemia and with im-
proving renal function.
Regarding the reliabilty of the blood flow measurements,
there is general agreement that microspheres give accurate val-
ues of whole kidney blood flow in all species, but their suitabil-
ity for determining regional blood flow to the different nephron
populations in the rat is disputed [29]. Although there can be
no doubt that alterations in the distribution of microspheres re-
flect changes in blood flow distribution, there is some doubt as
to whether the blood flow distribution pattern is quantifiable.
The objections voiced against the microsphere method include
a maldistribution of spheres that depends on their diameter, the
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Table 4. Histological changes apparent in the various portions of the nephron after ischemia with 18 hr of reflow
18 hr Reflow 18 hr Reflow
More severely affected kidneys Mildly affected kidneys
Proximal convoluted tubule (cortex) Extensive necrosis (except in subcapsular tubules) —
Proximal stripe tubule (outer stripe) Extensive necrosis
lumina filled with cell debris
Occasional necrosis
Thin descending and ascending limbs
(inner stripe and papilla) Lumina filled with cell debris Little cell debris
Thick ascending limb (inner and
outer stripe) Some regions of necrosis
lumina filled with cell debris
hyaline cylinders
—
Distal convoluted tubule (cortex) No necrosis
flattened epithelium
hyaline cylinders
dilated
—
Collecting duct (cortex and medulla) No necrosis
flattened epithelium
—
0
-w00
E00
incomplete extraction of the smaller spheres that do not mal-
distribute and a disparity between the distribution of filtration
rate and of blood flow, such that deep nephron filtration frac-
tion seems implausibly high [29]. However, spheres with di-
ameters of 7 to 10, 8 to 16, and 4 to 18 sm have been found to
distribute evenly between the outer and inner cortex in the rat
[30—32] and the extraction of spheres with average diameters of
11.0 2.6 and even 8.5 0.5 m has been reported to be
complete [31, 32]. The ratio of superficial to deep glomerular
blood flow measured with 9 sm spheres was 0.98 [311 and 0.95
[15]. Although the same ratio for filtration rate averages only
0.51 when measured using micropuncture techniques, it is 0.79
when measured using the Hanssen technique, because of lower
estimates of deep filtration rate with this method [33]. The
higher values of deep nephron filtration rate obtained by mi-
cropuncture of the long loops has been shown recently to re-
sult from the extensive tubuloglomerular feedback activity in
these nephrons, which causes filtration rate to rise consider-
ably when tubular fluid is sampled proximal to the macula den-
sa feedback sensor [34]. Thus, it is the micropuncture data,
rather than the microsphere measurements, that should be seen
as being incorrect, Consequently, because there is no evi-
dence that 9 m spheres maldistribute in the rat and because
the blood flow distribution they measure closely parallels the
filtration distribution measured with the Hanssen method [15],
it seems most appropriate to assume that 9 im microspheres
supply reasonable estimates of glomerular blood flow under the
present conditions.
The anatomical relationships within the outer medulla have
recently been re-examined in an attempt to find an explanation
for the hyperemia and its restriction to the inner stripe region
[35]. It has been reasoned that in the outer stripe, the close
proximity of the thin-walled, inner stripe drainage vessels to
the proximal straight tubules may entail that the venous out-
flow of the inner stripe plexus varies with proximal tubular di-
ameter. Since intratubular obstruction is a common finding af-
ter longer periods of ischemia 1151, it has been proposed that
the increase in diameter of the proximal straight tubule leads
to a compression of the inner stripe drainage vessels and a con-
gestion of the capillary plexus [36]. The present findings, how-
ever, cannot support this concept for several reasons: First, al-
though blebs were often present in the proximal straight tu-
bules, no increase in tubular diameter could be verified within
3 hr of ischemia in the present model. Second, a massive tu-
bular obstruction, caused by ureteral ligation for 18 hr, was un-
able to produce either a medullary hyperemia or the associ-
ated change in blood flow distribution [15]. Third, and most
conclusive, the hyperemia was found to develop during the pe-
120-
80
40 -
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Fig. 4. The distribution of blood flow among the
different nephron populations in normal kidneys
(taken from 15), 1 hr after ischemia (taken from
15) and 18 hr after ischemia, in more severely
affected and mildly affected kidneys.
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nod of ischemia itself, when there is no filtration pressure and
therefore no force with which to extend the tubules and com-
press the drainage vessels. An alternative hypothesis, that ve-
nous drainage is occluded in the outer stripe as a result of cell
swelling during ischemia [37], can similarly be discarded as the
cause of the hyperemia, for during the ischemic period there is
no blood flow to be compromised. However, although neither
of these mechanisms of vascular compression are responsible
for the establishment of the hyperemia, either or both of them
could contribute to its maintenance after reflow.
The observation in the present and in a previous study [24]
that vascular congestion occurs during the period of arterial oc-
clusion in all regions of the kidney to some extent, but is not
evident anywhere else, except in the inner stripe, after 1 hr of
perfusion, raises the question as to whether it is some feature
of the inner stripe vasculature itself that predisposes it to con-
gestion. One feature of this vascular bed that could favor eryth-
rocyte aggregation and vascular congestion is the high degree
of capillary branching. The subdivision of a few, descending
vasa recta into a multitude of capillary branches must entail
that the velocity of the blood moving in these vessels is very
low, even in the normal kidney. This could have two impor-
tant consequences in the postischemic kidney: First, that the
flow velocity here is too low to resuspend the erythrocytes that
have aggregated during ischemia and that it is the persisting
vascular congestion, acting as an increase in postglomerular
resistance, that is responsible for the decreased blood flow and
filtration rate of the deep nephrons. Second, that an increase
in preglomerular resistance, that leads to a decrease in blood
flow to all nephrons, may only provoke erythrocyte accumu-
lation in this dense, slow-flowing capillary network and thus
further decrease the perfusion of the deep nephrons that sup-
ply it. Either way, simple rheological maneuvers, such as low-
ering hematocrit and increasing vascular volume, would be ex-
pected to be beneficial in reducing the hyperemia and improv-
ing renal function. In this regard it is worthwhile recalling that
hemodilution with hypertonic mannitol or polyethylene glycol
prior to ischemia is known to improve medullary perfusion, re-
duce tubular necrosis [16], elevate filtration rate, and lessen
cell damage [38], ostensibly because of the increase in blood
tonicity but perhaps because of the decrease in blood viscosity.
In closing, the present investigation has confirmed and ex-
tended the findings that suggest that the renal medulla may play
a central role in the pathophysiology of ischemic renal failure.
A hyperemia of the inner stripe of the outer medulla was al-
ways found to follow an ischemic period. The degree of hyper-
emia that could be assessed visually from fresh tissue or color
photographs could be quantified by histometric analysis of the
capillary volume of the inner stripe. Renal function early and
later after ischemia was found to correlate with the degree of
medullary hyperemia. The amount of blood perfusing the jux-
tamedullary glomeruli was also found to be related to the de-
gree of hyperemia in their postglomerular circulation. The loss
of medullary hyperemia, the restoration of deeper glomerular
perfusion, and the return of urinary concentrating ability all oc-
curred concurrently in the recovering kidneys. Thus, although
the precise cause of the medullary congestion and the reasons
for its limitation to the inner stripe still remain to be clarified,
its significance in the renal failure that follows a temporary pe-
riod of ischemia seems certain.
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